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ABSTRACT • 
A current-voltage model for the GaAlAs Double 
Heterostructure Light Emitting Diode has been developed 
to predict the forward voltage of the LED's. The model 
is the result of adding together the individual voltage 
drops across each part of the LED diode structure. The 
current~voltage behavior of the LED is found to be 
/ 
primarily determined by the I-V characteristics of the PN · 
Heterojunction. 
• The model predicts that the forward voltage will increase 
when the N layer doping is decreased. This is consistant 
with ~xperimental results. However, the model 
overestimates the forward voltage of ~evices with low N 
doping. This overestimation is most likely due to the 
uncertainty in the parameter values of electron mobility, 
I 
' 
.. {~· 
N layer thickness and doping level of these devices. 
The model developed here should be helpful in determining 
the likely causes of unusual forward voltage readings 
which occasionally show up at LED electr,ical testing . 
. ,..., 
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1. INTRODUCTION 
( 
Light emitting diodes (LED's) are used as sources in many 
lightwave systems. They are chosen because of their wide 
range of operating temperatures, well defined degradation 
characteristics, reliability even at high temperatures, 
and relatively high fabrication yields. In addition, 
LED's arT driven by relatively simple circuits which do 
not require the power feedback that lasers require. The 
lifetimes of LED's are one or two orders of magnitude 
longer than those of laser diodes made of the same 
material. Thus, LED's are o.ften used in place of lasers 
as sources in lightwave systems for relatively short 
distance and low data rate application. 
One of the most commonly used LED's is a GaAlAs Double 
Heterostructure (DH) LED emitting at 0.87 µm. This LED 
is used to transmit data over relatively short distances, 
< 4 km, at data rates on the order of 50 Mb/s. This LED 
is currently in production at AT&T and is the subject of 
this study. 
During production, many electrical tests are done on the 
. LED diode to assure its quality before it is delivered. 
One such ~est involves flowjng 60 mA of current in the 
forward biased direction through the device and measuring 
• 
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the resulting voltage drop. This forward voltage 
actually·consists of many smaller voltage drops in the 
multilayered structure of the diode. When an unusual 
forward voltage is measured, it is not always apparent 
what the cause is. 
In this study, LED's of two different N-layer doping 
levels were fabricated and their forward voltages were 
measured. A model of the forward current-voltage 
characteristics of the LED is developed to analyze the 
experimental results. It is found that the model 
predicts the forward voltage of LED's with the standard 
doping very well. However, the model is only 
qualitatively correct in predicting the forward voltage 
of the LED's with low N layer doping. ~ 
In this thesis, the LED device structure is first 
described along with material growth and device 
fabrication approaches. The voltage drops across various I 
layers and interfaces are then analyzed theoretically. 
Finally, the results of the model are compared to actual 
I-V curves at two N layer doping levels and the 
differences between the model and experiment are 
discussed. 
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"'•··-··-·· ·····-·-···-- .,.,, .... 
l 
• 
3 
's·-·- ........ ~ .............. ,.................. . .............. .-.-•• -.... , ...... ···••· ..... , .. ,... _,_.:,... . ................
................ 
····-··· :···· - .... , .• _,,~ ......... _ ...................... -.........
...................
. ~ ......... . 
. 
.. 
< ... ··"· , ••••••••• 
• 
2. EXPERIMENTAL 
• 
2.1 DEVICE STRUCTURE 
Heterojunctions are used in LED's for a number of 
reasons. For instance, an isotype (n-to-n o~ p-to-p) 
heterojunction between a light emitting active layer and 
a transparent (higher bandgap) conducting confining layer 
provides carrier confinement while allowing light to 
escape. Also, isotype contact layers of materials that 
can be highly doped are often grown on the top of LED 
structures to facilitate ohmic contact to the metal. 
Anisotype (p-to-n) heterojunctions provide enhanced 
carrier injection due to the abru~t change in band 
energies. The LED studied in this report is known as a 
"double heterostructure LED" bec~use it uses both an 
/ 
)' 
isotype heterojunction and an anisotype heterojunction. 
The double heterostructure confines,both types of 
carriers to the active region, thus enhancing power, and 
at the same time. the improv~d ca~rier injection due to 
the PN heterojunction enhances the speed of the LED. 
4 
! 
/ 
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A compositional profile of the double heterostructure for 
the GaAlAs LED used in this study i~ shown in Figure 1 
and listed in Table 1. The device structure consists 
mainly of three AlxGa1 _xAs layers; the N-contact layer, 
the P-active layer, and the P contact layer, sequentially 
grown on a GaAs substrate by liquid phase epitaxy (LPE). 
TABLE 1: MULTILAYERED STRUCTURE OF THE DOUBLE 
HETEROSTRUCTURE LED 
EPITAXIAL DOPING Al GROWTH DOPANT LEV~~ MOLE THICKNESS SEQUENCE FUNCTION (TYPE) FRACTION (µM) (CM ) 
1 CONTACT Te (N) 1x1018 .35-.25 50 
or (graded) 
1x1017 
·2 ACTIVE Ge (P) 1x1017 
.003 .75 
3 CAP Ge (P) 1x1018 .26-.20 2.0 
The first-to-grow layer is a Te-doped, N-type, graded Al 
concentration layer .. This N-layer is made relatively 
thick (approximately 50 µm) to provide mechanical 
strength after substr~te removal. In addition, the N-
. layer serves as a "window" through which the light is 
transmitted to an optical fiber. It has been reported 
5 -
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• 
(Keramidas [2]) that the thick window layer of the planar · 
LED reduces the butt coupled power by no more than 15%. 
The doping level and the bandgap characteristics of the 
N-layer are also important because they control and 
confine carriers injected into the active region. The N-
layer has a graded bandgap due to the depletion of Al in 
the LPE melt during growth. XAl varies from 0.35 at the 
start of growth to about 0.25 at the interface between 
the N and P active layers. The N-layer net doping level 
is Na-Na= 1x1018 cm-3 for the standard structure and 
1x1017 cm-3 for the low doped structure, respectively. 
Furthermore, the crystalline quality of the N layer is 
important because, being the thickest'layer, it 
contributes the most to the number of dark line defects 
(DLD's) and dark spot defects (DSD's). These defects 
exhibit non- or low- luminescence resulting from 
crystalline imperfections. LED's with these defects are 
" 
considered reliability failures because over time the 
' 
defects can grow into the light dot area·which results in 
shortened device life. 
·The second layer is nominally a 0.75 µm thick layer of 
GaAlAs c~pable of 0.875 µm emission. The layer is made 
P-type by doping with Ge to a level of.7x1017 cm-3 . This 
layer is called the active layer because it is the layer 
'i 
which emits the light. Being of narrower bandgap than 
the N-contact layer, the light emission is dominated by 
6 
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the recombination phenomena of electrons injected from 
the N contact layer into the P-active layer. The 
J., 
uniformity of the active layer material is a crucial 
factor in determining the spectral width of the resulting 
device. The doping level used here has been empirically 
determined to provide the optimum speed and power 
combination for this 50 Mb/s LED. As the active layer 
carrier concentration is increased, quantum efficiency 
J 
decreases due to increased non-radiative recombination. 
Meanwhile, the cutoff freguency of the device increases 
due to reduced carrier lifetime in the active layer. 
"<.;) 
The third layer is the P-cap layer which completes the 
double heterostructure. In this layer, the Al mole 
fraction varies from 0.26 to 0.20. Germanium is again 
used here as the P dopant. The doping level is 1x1018 
cm- 3 . The thickness of this layer is nomin~lly 2.0 µm. 
For maximum light coupling between the LED and the 
·optical fiber, the active area of the LED is nade smaller 
than the fiber's core. Thus, a 50 µm diameter .p contact 
is used. As long as the P cap thickness is much smaller 
than the P contact diameter, the current will be 
concentrated in a small area of the PN junction. This 
high current density is common to LED's and lasers. 
However, if the P cap is made too thin, there is a 
possibility of the contact metals, particularly Au, 
diffusing into the active layer which would reduce or 
7 
' ' .. . - ,., ....... ,_ ....... _______ ..........
................... - .. 
,. '"' ''"' • .. , '""'' ,.,,., ,,,., .. ,,._, ,,.w,,.,,,..,,;.,••--••·•• •.••• '". ·-···••--•,,,.......................
.......................... •• ···········-·········•..
.............. •• . •. --« ... ,,._ •• ,.., ...•..• --- .
,., """ -~" 
••: "'•\ 
I . 
eliminate the light emission. The contact metallurgy 
will be discussed in more detail later. 
Te and Ge were chosen as N- and P- type dopants, 
respectively because they diffuse relatively slow and are 
-relatively easy to ionize in AlGaAs. Slow diffusion is 
necessary for abrupt junctions on either side of the 
active layer. Low energy ionization is preferred for 
high dopant activation efficiency even in AlGaAs with 
relatively high Al mole fraction. 
2.2 EPITAXIAL GROWTH PROCESS 
The three layers are grown sequentially in a graphite 
sliding boat common to many LPE processes[ 33 ]. The 
structures are grown on 2 inch round GaAs substrates with · 
defect densities less than 2000 EPD / cm2 . These 
substrates are from ingots grown by the Horizontal 
Bridgeman·method and are commercially available from 
various vendors. The GaAs substrates are N type doped 
with Si to lxlo18 cm-3 and are oriented (100)+/- 0.25°. 
Bromine methanol polishing is done on one side to achieve 
a surface suitable for LPE. The back side of·the 
- 8 
... ····- .. -L ....... ····-· •••••• """" •• • ''"' ',.~ ... ~•--• -" ,., •• __ ,• ,.,v•o. "' •' .. _. •. 
••••·w-·•-••••••r '"'""•••---••••••••••••••••••·., • m•, • ••••••'•,•~· •• • •v•o·,,.,,,,,,._ ••••-•.c•-•· .. ·•-•'•••,••• ,•-• ••••""""'~. "" ' 
I 
substrate is etched only. The LPE furnace consists of a 
quartz tube, part of which is placed in a six zone 
furnace which is capable of maintaining a+/- 0.2° c flat 
zone over the entire length of the epi boat. An 
automatic quartz ro·d assembly is installed which both 
" moves the epi boat into and out of the hot zone of the 
furnace and also pushes the sliders of the boat during 
epi growth. The ambient gas is Pd purified H2 throughout 
the bakeout and growth cycles. Oxygen content in the 
ambient gas must be kept below 1 ppm to assure proper epi 
growth and reasonable morphology. The process is 
completely controlled by a microprocessor and requires 
little operator attention after loading. 
The melt compositions are carefully ca~culated two-phase 
solutions such that, at the start of each layer growth, 
the melt is s0 c below its As saturation temperature. At 
this temperature, the melt is sufficiently supercooled to 
allow uniform epi growth without being so supercooled 
that edge growth and poor morphology result. The 
supercooling of the melt is offset somewhat by deposition 
of epi materials onto the polycrystalline GaAs source 
pieces which lay on top of the melt. The material grown 
and the doping level are controlled by the temperature of 
growth and the weighing of the melt constituents prior to 
growth. 
9 
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A typical temperature cycle for the epi growth process is 
shown in Figure 2. 
' First, the boat is heated to 550° C to allow the pieces 
of Al to deoxidize. At,this point, the Al is laying 
alone in slots on top of the epi boat. After this, the" 
Al is mechanically dropped into the melts and the 
assembly is brought up to 860° c. It is allowed to sit 
at this temperature for approximately 2 hours while the 
melts equilibrate and deoxidize. Meanwhile, the cleaned· 
substrate is inside the boat but is completely covered by 
the boat. Very little decomposition is found to occur. 
Next, the boat is cooled to the starting temperature of 
the ramp and permitted to equilibrate there. The 
temperature is then slowly. ramped down at 0.2 °c;min. 
For the first 10 minutes, the.wafer remains under the 
graphite boat. During this time, supercooling in the 
first melt will cause deposition onto the GaAs source 
pieces. This "pre-ramp" is found to enhance the wetting 
of the substrate when it is pushed under the melt. The 
three layers are then grown by sequentially pushing the 
substrate under each melt and leaving it there for a 
predetermined time. In order to keep the interface 
between layers sharp, melt carryover must be kept to a 
minimum. This is acco~plished by the use of wipeoff 
slots in the epi boat which catch any part of the melt 
which did not wipe off correctly the first time. After< 
10 
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the P cap is grown, the wafer is pushed through a final 
wipe off slot and the bait is pulled into a forced 
.. cooling zone to minimize interlayer diffusio~. 
The resulting two inch round wafer is then tested for 
layer thicknesses, aluminum concentrations, morphology, 
defect density, and terracing severity. 
2.3 DEVICE FABRICATION 
After the epitaxy has been grown and inspected, the GaAs 
substrate is completely removed. This is done using a 
selective etch and the remaining piece is a 2 mil thick 
wafer composed solely of three layers of LPE grown 
GaAlAs. A cross sectional drawing of the finished GaAlAs • I 
planar DH LED chip is shown in Figure 3. 
The next step is contact metallization. BeAu dots and 
TiAuSnAu bonding pads are evaporated through a pair of 
aligned shadow masks. The P side metallization starts 
with 800 A of BeAu evaporated as 50 µm diameter dots on 
the centers of the chip sites. The P dots are completed 
by evaporating 2100 ·A of Au on top of the BeAu. Be was 
chosen as the acceptor here because its low ionization 
11 
, . 
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energy makes it a shallow acceptor impurity and its vapor 
pressure is very close to that of Au which facilitates 
similtanious evaporation. The N side contact is 
horseshoe shaped. This permits light emission out of the 
center of the chip while providing the maximum contact 
area possible. The N side metallization starts with a 
100 A Ti layer for adhesion. The first Au layer is 2000 
A thick and helps to evenly distribute then type ohmic 
metal, Sn, across the wafer surface. 500 A of Sn is then 
deposited, followed by a 28,000 A Au layer which provides 
a pad to wire bond to. Both contacts are then alloyed at 
420°c in a non-oxidizing ambient. At this point, a test 
set known as the "Vf Probe" is used to screen out wafers 
with abnormally high or low forward voltages. Here, 
forward voltages which are too high are usually 
attri.buted to underalloying and forward voltages which 
are too low are usually attributed to epi problems. An 
understanding of the contributions of the epi and 
metallization to this forward voltage, which is the topic 
of this thesis, would be helpful in pinpointing the 
actual cause of abnormal forward voltages. Note that 
this is only a preliminary test designed to screen out 
drastic failures. The mounted chip is tested later for 
forward voltage as well. 
Next, in order to confine the device current to the P-
contact dot, an insulating sio2 layer _is deposited onto 
12 
the P side of the wafer and holes are opened up using 
photolithography to expose the _center of the P contacts. 
This sio2 layer must be thick enough to eliminate 
pinholes, but thin enough so as not to put too much 
stress on the wafer. 
Next, the P side is covered by a ·Ti and Au overlay. A 20 
um Au heatsink is then electroplated onto the wafer and 
patterned into 10 mil squares centered on the chip sites. 
The edges of these squares are oriented along <100> 
directions for $trength. Efficient heat sinking is 
necessary due to the large current densities present. 
The next step is the seperation of the 16 mil center-to-
center chips. This is done using a combination of 
photoelectrochemical etching and wet chemical etching to 
produce the best possible seperation with the least 
amount of undercut. Here, the chips are visually 
inspected to eliminate any chips which were poorly r 
fabricated. The chips are now in the form shown in 
• Figure 3 • 
. 
After visual ·inspection, the chips are bonded to headers, 
tested for voltage and light characteristics (including 
forward voltage at 60 mA), and then burned in to screen 
out infant mortalities. After burnin, the chips are 
completely retested for voltage and light 
characteristics. A large change in light output after 
13 
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burnin is indicative of poor reliability and cause for 
elimination. In addition, the chips are turned on and 
checked with an IR microscope for DLD's and DSD's. The 
presence of DLD's in or near the light dot will also 
cause the device to be scrapped. The forward voltage of 
this device at 60 mA as tested here typically ranges from 
1.40 to 1.55 volts. ,, 
Five LED chips with a carrier concentration in the N 
layer of 1x1018 cm-3 and five LED chips with a carrier 
concentration in the N layer of 1x1017 cm- 3 were tested 
for forward voltages between O and 70 mA. Figure 18 
shows the averaged current-voltage curves for each type 
of LED. 
14 
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3. ANALYSIS 
The current-voltage characteristic of the LED is the sum 
of the characteristics of many layers and junctions in 
series. Figure 4 shows a schematic cross section of the 
LED and the I-V equations for each part. As shown on the 
Figure, adding all of the effects together results in: 
V = 1.0188 I+ .5833 I+ {0.0259 Ln [.51719 I +l]} + .3102 I 
+ 0~0259 Ln [-----~---=i~---- +1 J + 
9.11 X 10 NON 
5.04 X 1017 [----------- J 
NDN 
+ 0.1642 I 
(1) 
This equation was derived for the particular materials, 
dopings and geometry of the "LED used in this study. The 
only exception to this is that the dependence of N layer 
spreading resistance and PN heterojunction I-Von N layer 
doping level was kept seperate so that the dependence of 
. 
the entire LED forward voltage on N layer doping could be 
quantified.· The effect of N layer doping level on other 
layer or junction resistances was too insignificant to be 
included. 
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I-V curves for the LED for various N layer doping levels 
between 1x1017 and 1x1018 cm-3 are plotted in Figure 5. ~ 
Decreasing the N layer doping level from 1x1018 to 1x1017 
increases the PN heterojunction voltage drop by 0.06 Vat 
60 mA. It also increases the N layer spreading 
resistance voltage drop by 0.27 V. Therefore, the 
dependence of the LED I-V curve on N layer doping level 
is primarily a result of the higher resistivity of the N-
layer at the lower doping level. 
Figure 6 summarizes the relative importance of each of 
the components of the forward voltage at various 
currents. The order of importance of the components I 1s: 
(1) PN heterojunction, (2) N spreading resistance, (3) P 
contact resistance, (4) P cap layer series resistance, 
(5) P active layer series resistance, (6) N contact 
resistance, and (7) p-P heterojunction voltage drop. 
Note the large increase in the relative voltage drop 
across the N layer when its doping is decreased to 1x1017 
cm-3 . The analysis which resulted in the above 
conclusions will be presented in the same order. 
The I-V characteristics of the two heterojunctions were 
analyzed. The PN heterojunction was found to hold most 
of the diode's voltage while the p-P heterojunction 
voltage drop was found to be the smallest of all the 
voltage drops in the device. 
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The series resistance through the thin P-active and p cap 
layers can be modeled simply as current through a 
cylinder. Both of these series resistances added up to 
only about 4% of the total forward voltage at 60 mA. In 
the N layer, however, current spreading needed to be 
taken into account. It was found that for Nd= 1x1018 
cm-3 , the N layer would have a voltage drop of only 0.03 
Vat 60 mA which is comparable to the series voltage drop 
in the Players. However, if the N layer doping was· 
decreased by a factor of 10, this voltage drop would 
increase to approximately 0.3 V which is a significant 
change. 
Although a qualitative I-V model can be derived for the 
metal contacts to explain the effect of doping, the 
actual quantitative I-V characteristics are most 
accurately found empirically. The metal contacts account 
for only a small part of the total forward voltage, 
provided the semiconductor is highly doped and the metal 
is correctly applied and alloyed. In fact, the model 
predicts that the voltage drop across the metal contacts 
accounts for 5% of the total voltage drop in the diode at 
60 mA. Of the two metal contacts, the 50 µm P contact 
dot holds far more voltage across it than the larger area 
N contact does. 
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Finally, there is one more voltage drop which needs to be 
considered when measuring forward voltage of the LED: 
The voltage drop due to the test probes. This effect can 
be eliminated when separate probes are*used for applyin~ 
the current and measuring the voltage. 
3.1 BAND ENERGY DIAGRAM 
The energy band diagram for the cross sectional area near 
the active layer is shown in Figure 7. The distance 
from the fermi level to the nearest energy band have been 
computed for all three layers, namely, the N-contact 
layer (1), the P-active layer (2) and the P-cap layer 
(3). In order to do this, we first calculated the 
conduction band and valence band density of states for 
the AlGaAs layers with different Al mole fraction. After 
the Fermi levels were established, the conduction and 
valence band discontinuities, •Ee and •Ev respectively, 
were calculated. 
3.1.1 CONDUCTION BAND DENSITY OF STATES 
18 
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As the aluminum concentration increases in AlGaAs, the 
distribution of electrons between the direct and indirect 
conduction bands needs to be considered in the 
calculation of conduction band density of states. Casey 
and Panish [37] discuss the relative populations of 
electrons in the various conduction bands. In the 
,~,.. 
' 
following analysis, the pieces are put together from 
Casey and Panish's work and the result will be an 
equation of Nc as a function of XAl· 
Equations for the bandgap energies and the effective 
masses for electrons and holes in the direct and indirect 
conduction bands are given as a function of XAl in Figure 
8 [ 3'7] • 
Casey and Panish arrive at an equation for Nc as follows: 
where 
E 1 -g E r g 
Using the formulas from Figure 8 , 
{2} 
Nc(XAl) = 2.5xlo19 [(.067+.083X) 3/ 2 + (.55+~12X) 3/ 2exp(-
19 
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10.965+23.359X) + (.85+.07X) 312exp(43.321X-18.378-
5.521X2 )](T/300) 3/ 2 {3} 
where Xis the Al mol~ fraction. This relationship is 
plotted in Figure 10 for room temperature. For XAl ~ 
0.25, the conduction band density of states ircreases 
approximately linearly with the aluminum concentration. 
For higher concentrations of aluminum, Nc increases 
exponentially with XAl· At higher temperatures, Nc 
increases with T3/ 2 . 
For the LED materials near the active layer, Ncl = Nc3 = 
7.3xlo17 cm-3 (Al. 25Ga. 75As), and Nc2 = 4.3xlo17 cm-3 
(Al.003Ga.097As) 
3.1.2 VALENCE BAND DENSITY OF STATES 
The valence band density of states is derived in a 
similar way to the conduction band density of states. 
Casey and Panish arrive at the following equation: 
Nv = 2.5xlo19 (mpJm0 ) 3/ 2 (T/300) 3/ 2 cm-3 {4} 
where lllp accounts for both heavy and light holes. 
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{5} 
mp is taken from Figure 8 for AlGaAs: 
~ m0 = 0.48 + 0.31 X {6} 
Using this value of~ gives a relationship between Nv 
and XAl which is plotted in Figure 9. For the range of 
aluminum concentrations considered, the plot of Nv vs. 
XAl appears almost linear with the valence band density 
of states increasing as the aluminum concentration 
• .. increases. 
Therefore, for the materials near the active layer, Nvl = 
Nv3 = 1.ox1019 cm-3 (Al. 25Ga. 75As), and Nv2 = 8.3xlo18 
-3 cm (Al. 003Ga. 097As). 
~ 3.1.3 ENERGY·CALCULATIONS FOR THE ENERGY BAND DIAGRAM 
The N layer was doped degenerately to 1x1018 cm-3 . From 
the Joyce Dixon approximation, 
••• } = • 02 eV 
{7} 
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For the non-degenerately doped P-active and cap layers, 
Ef - Ev= kT Ln {8} 
Therefore Ef - Ev2 = .067 eV for the active layer and Ef 
- Ev3 = .064 for the cap layer. 
Both heterojunctions in the double heterostructure are 
between Al. 25Ga. 75As and Al. 003Ga. 097As. The difference 
J .. 
in energy gap between these two materials is computed 
from Figure 11 as follows: 
E92 = 1.424 + 1.27(.003) = 1.43 eV 
Egl = Eg3 = 1.424 + 1.247(.25) = 1.74 ev {9} 
According to Kroem~r (28] •Ee= .62 •Eg. Therefore, 
{10} 
As shown in Figure 12 [37], the potential in the P and N 
regions, VP and Vn, are functions of doping and distance 
from the junction in the space charge region. 
22 
{11} 
Since the potential at the edge of the space charge 
region (where x=xn and x=xp) was set to zero, the built 
in voltage will be the value of these equations at the 
heterojunction (x = O). They are: 
{12} 
where v0 N + v0p = v0 , the total built in voltage for the 
PN heterojunction. 
Assuming no interface charges, the electric .flux density, 
D = eE, must be continuous at the junction. Therefore, 
Since 
eEjunction = -ep x=O = -€ n 
~p 
dx x=O 
{13} 
The ratio of depletion widths on either side of the 
junction is therefore 
{14} 
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The ratio of built in voltages on either side of the 
junction is determined by deviding v0N by v0p in 
equations {12}: 
V vg~ -- {15} 
Combining equations {14} and {15} gives the ratio of 
built in voltages on either side of the PN heterojunction 
as a function of doping and permittivity of the layers: 
-
- {16} 
Following Casey and Panish [37] the permittivity of 
AlGaAs, 
€, as a function of aluminum mole fraction can be 
approximated by linear interpolation between 
€GaAs and 
eAlAs· Therefore: 
fAlGaAs = (13.1 - 3.0 xA1 ) e0 where XAl is the aluminum 
mole fraction in AlGaAs and 
€0 = 8.854xlo-14 F/cm. 
Therefore e1 = e 3 = 1.23xlo-12 F/cm and e2 = 1.16xlo-12 
F/cm. 
Using these permittivities and the doping levels of the 
layers in equation {16} results 
-
-
1.16xlo-12 
1.23x10 12· 
--· .. ...-, -~-- -·- ·-
7xlo17 
1x1018-
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By inspecting the equilibrium band energy diagram of 
Figure 7, 
q vd = Eg active - [Ef-EvJactive - [Ec-Ef]n lyr + •Ee 
1.4277 - .067 + .0149 + ,191 = 1.5666 eV 
Therefore the.built in voltages are: 
1.5666 ev 
1.662 = o.94 ev 
vdn = 1.5666-.943 = o.62 ev 
{18} 
The depletion widths are calculated from the built in 
voltages: 
}1/ 2 = 0.04 µm 
}1/ 2 = 0.03 µ,m 
{19} 
-
-
These values were used in the construction of the energy 
. band diagram of Figure 7 • 
Similarly, for the heterojunction between the P active 
layer (2) and the P cap layer (3), 
,--, -··- .,, _ _.,.,•,-•'•-•••'""''''''"""'"'"~'•'"., ,,auu,.,_,,,..,_,,.,,,.,•,,,- ..... ''' ••••• • •••••' ;,.,., ···- ____ ,.,,.. " I)- .... 
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qVd = [Ef - Evlactive - [Ef - EvJcap +•Ev= 
.0670 - .0640 + .117 = .12 eV 
v02 = .12 (1.5/2.5) = .07 ev 
v03 = .12 - .01 = .05 ev 
{20} 
{21} 
The depletion widths are again calculated from the built 
in voltages: 
2(1.16xl~-l2 F/cm){9·07 eV) ( 1. 6xlO- 9 c) ( 7x10 cm-3) }1/ 2 - .012 µm 
}1/ 2 = .009 µm 
{22} 
3.2 CURRENT - VOLTAGE CHARACTERISTICS OF THE 
HETEROJUNCTIONS 
There are four basic assump~ions in the theoretical 
current-voltage relationship of a heterojunction: (1) 
The depletion region has abrupt boundaries and outside 
the depletion region is considered neutral; (2) The 
carrier densities can be represented by the Fermi-Dirac .,, ·· ·· 
equations; (3) The density of injected minority carriers 
is assumed to be small in comparison to the injected 
26 
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majority carriers; and (4) There is no generation or 
recombination in the depletion region. 
The heterojunction theories generally assume abrupt 
junctions. In practice, the interface is probably graded 
to some extent due to the nature of epitaxial growth. In 
LPE, grading is kept to a minimum by eliminating melt. 
dragover between the various layer melts. Wipeoff slots 
~ 
between the LPE boat melt wells have been installed to 
minimize melt dragover. In addition, the gap between the 
epitaxial surface and the wipeoff edge of the boat has 
been optimized to give good surface morphology while 
minimizing the amount of melt carryover. 
Interface states are mainly due to lattice mismatch 
between layers. For the GaAs-AlGaAs heterostructures 
9sed in this study, the maximum lattice mismatch ever 
measured by the author is 0.03 % using a Rigaku double 
crystal X-Ray diffractometer. According to Milnes and 
Feucht (50], interface charge effects are significant· 
only when lattice mismatch exceeds 1%. Therefore, few 
interface charges should be present for the LED studied 
here. 
Sharma and Purohit [44] considered current-voltage 
relationships for a number of different band lineup 
cases. For our PN heterojunction, 
27 
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xp > Xn 
xp + Egp < Xn + Egn 
vdp > ... Ee 
• 
{23} 
For this band lineup configuration, Sharma and Purohit 
give the following current voltage relationship: 
qV I= A exp } { exp ( KT ) - 1 } 
where {24} 
The area of the junction, a, is the area of the P side 
contact dot which is 2.ox10-5 cm2 . The diffusion 
coefficient for electrons in the Player is: 
µn,GaAs (Fig 12) = 3000 cm2/vs 
{25} 
,. 
Dnp -
{3000 c~/vs) (1.38~~~xlo-23 J/K) (300K) 1.6xl0 C =77.6 cm2/s 
,. The lifetime of electrons in the Player is calculated 
1 from the relationship Ln = (Dn r)~. From Reference [54] 
for p = 1x1017 cm- 3 , 1np = 6.5 µm. Therefore, 
~2 
n --
( 6. 5xlo-4c~L2 
220.04 cm /s = 1.92xlo-9 s {26} 
Plugging the above values into the equation for A yields: 
{27} 
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The current-voltage relationship shown in {24}, after 
much simplification, becomes: 
gy 
I= (9.llxlo-24 A) [exp( kT) -1] 
or 
gy_ 
I= (9.llxlo-42 Acm3)(Ndn> [e~( kT) -1] 
Solving this equation for voltage yields: 
V = kT/q Ln { 
or 
V = kT/q Ln { 
I (amps~ 
9.llxlO- 4Amp 
I (amps) 
-42 9.11x10 ) (Nan) 
+l} 
+l} 
{28} 
{29} 
where the "+1" can be ignored for V >> 0.026 V. Equation 
{29} is plotted in Figure 13 for practical levels of 
voltage and current encountered with this LED. At the 
operating current of 60 mA, the forward voltage of the PN 
heterojunction is~ 1.3 V. This is approximately what is 
expected. 
Sharma ·and Purohit [ 44] give the following current-
voltage equation for our p-P heterojunction: 
-qvd3 9Y3 9Y.2 
kT } [ exp ( kT ) - exp { kT ) ] . I= B exp { 
where B = a q Na3 
kT. 
( 2 ,r mp3 ) 1/2 
The hole mass in the cap layer • is: 
~ 3 = (.48 + .31 xA1 ) m0 lx(Al)=. 25 = 5.lxlo-28 g 
29 
{30} 
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Using this in the equation for ·a yields B = 
.30 Amps. 
Therefore, at room temperature, 
I= 1.90 ( exp (V/.026) - 1) 
Solving this for V: 
V = .026 Ln ( .52 I+ 1) {32} 
This equation is the current voltage equation for the p-P 
heterojunction of the LED and is plotted in Figure 19 for 
typical currents used in this LED. At ·the operating 
current of 60 mA, the voltage is approximately 0.8 mV. 
Therefore, the portion of the total forward voltage of 
the LED which is across the p-P heterojunction is 
insignificant. 
3.3 LAYER SERIES RESISTANCES . 
. • 
Since the N-contact layer thickness is comparable to the 
contact diameter, current spreading needs to be 
considered. Cox and Strack [8] showed that the spreading 
resistance under a circular contact is 
Rs = ( P /,r d) arctan ( 4 t/d) {33} 
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0 
where pis resistivity, dis contact diameter, and tis 
layer thickness. The resistivity can be calculated from 
carrier mobility and density: 
The mobility is 
µn lfigure 12b = 1000 cm2;vs 
Therefore, 
6.25x1015 
f1 = N0 n cm 
From equation {33}, 
and v1 = IR8 = .30 V for Nd= 1x1017 cm-3 
{34} 
Thus a decrease in N layer doping from 10~8 to 1017 cm-3 
results in a change in spreading resistance from 0.03 V 
I to 0.30 V. This change is significant compared to the 
total forward voltage of 1.4 to 1.5 V. 
Keramidas found that the spreading resistance is more 
important than the contact resistances, which agrees with 
the findings here. 
The P-active and cap layers can be treated as thin 
cylindrical conductors since their layer thicknesses are 
31 
far less than the contact diameter. The following 
equation applies: 
4 f t 
V =IR= I v d 2 
" 
From Figure 12, µp = 110 cm2;vs. TJ:\erefore, 
{37} 
p2 = 1/(q µp Na)= .09 n cm and the voltage drop across 
the active layer I 1S: 
v2 = .34 I 
At I= 60 mA, V2 = .02 V. 
Similarly for the cap layer (Nd= 1x1018 cm-3), 
r3 = .06 n cm and the voltage drop across the cap layer 
• 1S: 
At 60 mA, v3 = .04 V. 
Unlike v1 , v2 and v3 are never significant factors of the 
total forward voltage. 
3.4 CONTACT RESISTANCES 
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The theoretical dependence of contact resistance on 
doping level is shown in Figure 16 by Yu [ 17] . At high 
dopings, generally 2x1018 cm-3 or higher, Re is 
exponentially dependent on 1/ jNd. At lower dopings, 
where ·thermionic emission is dominant, the contact 
resistance is no longer a function of the doping and only 
depends on the barrier height of the junction. Thus in 
the worst case (high doping limit), an order of magnitude 
decrease in Nd will result in approximately 24 times 
higher contact resistance. N layer contact resistance of 
our LED's cannot be predicted by the analysis because the 
actual value of Nd after a~loying remains unknown. 
According to Aven and Swank [41], SnAu on AlGaAs 
experiences alloy regrowth. As the SnAu is heated, it 
dissolves part of the underlying semiconductor. Then, as 
it is cooled, an n++ surface layer is regrown due to both 
the Sn and the original Te atoms present in the crystal. 
This is complemented by Sn diffusion into the AlGaAs. It 
r 
is likely that the resulting surface layer is doped much 
higher than 2x1018 cm-3 • 
Values for the N contact resistance for this·material 
system and alloying procedure are best obtained 
empirically. Keramidas [4] reports that for our 
metallization scheme and alloying procedure the contact 
resistance is re= 8.Sxlo-5 n cm2 . The contact area, as 
reported previousiy, is 5.16xlo-4 cm2 . For the typical 
,. 
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operating current of 60 mA, this results in a voltage 
drop across the contact of 0.01 V. As expected, this is 
an insignificant voltage drop compared to the total 
forward voltage of the device of 1.4 to 1.5 Vat 60 mA. 
Under the worst case, the voltage drop across the N 
contact will increase from .01 to .2 V when Nd is reduced 
from 1018 to 1017 cm- 3 . However, this is unlikely to be 
the case because experimentally the contact resistance 
has not been observed to be such a strong function of the 
original N layer doping. 
Like the N contact, the carrier concentration under the P 
contact after alloying is unknown. However, even if the 
carrier concentration under the contact was known, the 
contact resistance could not be calculated accurately 
because it is also a function of the junction 
temperature. The temperature of the junction in this 
case will be relatively high due to the large current 
density. The plated Au heatsink'(see Figure 3) is 
designed to remove the heat from the P dot area. If the 
LED was left "on", the P contact junction would 
eventually reach a steady state temperature. However, 
the application of this LED requires that it be pulsed 
and therefore steady state temperature at the junction is 
never reached. 
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The most accurate values for contact resistance, 
therefore, are obtained from empirical studies. Chin et 
al (23] report a specific contact resistance of 2x10-5 n ' 
cm2 for BeAu contacts to our devices. This corresponds 
to a voltage drop at 60 mA of .06 volts. This voltage 
drop is again insignificant compared to the forward 
voltage across the entire device. l, 
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DISCUSSION 
For the case of Nd= 1x1018 cm-3 , the theory predicts the 
actual behavior of the LED very well. The theoretical 
and experimental curves are plotted on top of one another 
in Figure 25a. From the figure, the theoretical forward 
voltage is approximately 0.025v higher than actual for 
currents less than 40 mA and 0.03 v lower for currents 
higher than 40 mA. Considering all the uncertainties in 
the theories and parameter values used, this agreement is 
excellent. 
Both the experimental data and theoretical data show that 
a reduction in N layer doping results in an increase in 
forward voltage, with the increase being larger at higher 
currents. Quantitatively, however, at a low N layer 
doping level of Na= 1x1017 cm-3 , the model predicts a 
forward voltage of nearly 1.8 vat 60 mA while the 
experimental result is~ 1.51 v. The theoretical and 
experimental curves of Figures 21 and 24 are plotted 
together on the same set of axis in Figure 25b. 
There are a number of possible explanations as to why the 
predicted increase in forward voltages is higher than 
36 
actual. One possibility is that the effective average N-
layer doping increased after fabrication. Figure 25b 
shows an excellent agreement between the measured forward 
voltages and predicted forward voltages if an average 
effective doping level of Nd= 4xlo17 cm-3 is used. 
During N contact alloy, Sn may have diffused into this 
low doped epi, thus increasing the effective doping 
level. 
Another contributing factor to the disagreement between 
theory and actual may be that the assumed N layer 
thickness of 50 µm may be incorrect. Although the 
average N layer thickness is 50 µm, it is known to vary 
., 
as much as+/- 5µm across the 2 inch round wafer. 
Therefore, there is a "worst case" possibility that the N 
layer thickness of these chips was actually 45 µm. This 
10 % decrease in N layer thickness should decrease the 
resistance across the N layer by approximately 10%, or 
' 0.03 Vat 60 mA. However, this is not sufficient to 
account for the 0.3 V discrepancy. 
Yet another possible explanation for the theory-to-actual 
forward voltage disagreement at low N doping level might 
lie in the value of electron mobility chosen for the N 
layer. The voltage drop in the N layer is inversely 
proportional to the mobility. If the mobility value used 
for the layer was doubled, the voltage drop due to 
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current spreading across the N layer would be cut in 
half. It is known that the mobility generally decreases 
with increasing dopant concentration. In our model, we 
neglected the concentration dependence of the electron 
mobility in AlGaAs. It is possible that the mobility is 
doubled when Nd is reduced from 1018 to 1017 cm-3. 
Furthermore, doping efficiency decreases drastically when 
carrier concentration approaches 1018 cm-3 . It is 
possible that much greater than 1x1018 cm-3 Te was 
introduced in order to achieve 1x1018 cm-3 net carrier 
density. This will further increase the mobility 
difference between the high and low Nd samples. However, 
this difference in mobility will at most account for .1 v 
difference in forward voltage. 
The actual reason that the theory predicts higher forward 
voltages than actual probably is a combination of the 
above reasons. The N spreading resistance of the lower 
. ' . doped material apparently does not increase as much as 
the theory predicts. In fact, this is a desirable result 
because the higher resistance in the N layer would 
increase the heat generated and may degrade reliability. 
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CONCLUSION 
A current-voltage model for the AlGaAs DH LED has been 
developed which accurately predicts the forward voltage 
of the standard LED's. In addition, the theory predicts 
that the forward voltage will increase when the N layer 
' 
• 
doping is decreased. This is consistant with the 
experimental results. This increase in forward voltage 
is primarily a result of an increase in spreading 
resistance in the N layer due to the lower doping. It is 
also partially due to a slight increase in the voltage 
across the PN heterojunction. The model overestimates 
the increase in spreading resistance by approximately 
0.28 Vat 60 mA. Many possible explanations for this 
overestimation were discussed. By changing the value of 
electron mobility or doping level in the N layer, the 
theory can be made to agree well with experimental data. 
It was found that the order 0 of importance of the pieces 
of forward voltage for both doping levels is as follows 
(most important to least important): (1) PN junction, 
(2) N spreading resistance, (3) P contact resistance, (4) 
P cap layer series resistance, (5) P active layer series 
resistance, (6) N contact resistance, and (7) p-P 
heterojunction voltage drop. 
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